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Introduction
Development of alternative energy producing devices has attracted a lot of attention from researchers all over the world in recent years. Due to its capability of producing efficient energy using various hydrocarbon fuel types, Solid Oxide Fuel Cells (SOFCs) present a promising technology for the future. Even though SOFCs are still in the developmental stage, numerical techniques can be effectively utilized to find solutions to many of the design hurdles affecting the commercial application of the technology. Experimental and numerical approaches have been undertaken by several researchers [1] [2] [3] [4] [5] [6] [7] [8] to study the behavior of SOFC. Some of the advantages of the numerical simulations over the experiments are the cost effectiveness and the fact that the simulations provide a wealth of data that is difficult or impossible to obtain experimentally and can be used to perform in-depth analysis of the SOFC unit/system. Numerical simulations can contribute greatly toward the development of better designs that can produce more power, increased efficiency, and extended life expectancy of various SOFC components.
To date, numerical simulations have been primarily focused on analysis of fuel cells or fuel cell components, without strong emphasis on utilizing the simulations in a design optimization environment. Because of the emphasis on analysis instead of design, sensitivity information to determine the effects of variations in design parameters on performance has been primarily implemented by simply changing the parameter of interest, re-running the simulation, and comparing the results with those from the original simulation [1, [5] [6] 8] . While this approach can be used to determine the effects of parameter variations on fuel cell performance, a more rigorous approach toward aorso^os/7/ optimization would likely lead to better designs, and can also provide improved insight into the parameters affecting the performance of the fuel cell. For SOFC problems, example cost functions that can be used for improving performance include minimizing temperature variations, obtaining equal distribution of fuel in each of the channels, minimizing stress inside different components or maximizing power. Design variables may be related to the shape/size of the fuel channels, electrodes, electrolyte, and interconnect, but may also be coupled to the stoichiometric composition of fuel or material properties such as the porosity or tortuosity of the electrodes.
In references [9] and [10] , optimization algorithms have been used to improve the performance of a polymer-electrolyte-membrane fuel cell (PEM) using four design variables, where the sensitivity derivatives used for the optimization algorithm have been obtained using a finite-difference approach. While finite differences are often a viable means for computing sensitivity derivatives, this method can be computationally restrictive when a sufficiently large number of design variables are present. In addition, accurate derivatives can sometimes be difficult to obtain using finite differences because of subtractive cancellation errors [11] , which occur when the function evaluations in the numerator become computationally indistinguishable [12] when very small perturbations are used. By using a direct differentiation or discrete adjoint method [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , sensitivity derivatives that are consistent with the flow solver may be obtained for use in a design optimization environment. The fuel cell code utilized in this report is capable of computing sensitivity derivatives of a cost function with respect to desired parameters using both direct differentiation and discrete adjoint methods. Although sensitivity studies shown in this report uses direct differentiation method to compute sensitivity derivatives, implementation and verification of discrete adjoint method in the fuel cell code has been published in previous work [28] [29] [30] [31] . In different design studies performed at the SimCenter, sensitivity derivatives were also utilized in a design environment to optimize cost functions representing uniform fuel distribution [28, 31] , temperature distribution [29] and cell voltage [31] .
Due to the presence of various thermal mechanisms inside SOFC, temperature distribution exhibits non-uniformity throughout the domain. This coupled with the mismatch in coefficients of thermal expansion of different SOFC components makes stress analysis an interesting avenue to explore. Recently, few studies have been performed [32] [33] [34] [35] [36] [37] [38] to analyze stress components inside different components of SOFC. Lin et al. [32] analyzed effects of clamping load on the thermal stress distribution in a planar SOFC. Five different compressible loads were applied to investigate effects on stress distribution. Gulfam et al. [35] analyzed thermal stress inside PEN region of SOFC for co-flow, counter-flow and cross-flow configurations using commercial software, ABAQUS [39] . Maximum stress inside anode layer was found at high-temperature regions located on the anode-electrolyte interface for all configurations. Jiang et al. [36] performed thermal stress analysis of SOFC with the bonded compliant seal design. Stress analysis performed using commercial software, FLUENT [40] and ANSYS [41] investigated effects of temperature non-uniformity and cell voltage on thermal stress distribution. Weil and Koeppel [37] also analyzed effects of different seal designs on stress-strain state. They used glass-ceramic, brazed joints and foil-based seals in this study. Chiang et al. [38] analyzed effects of anode porosity on thermal stress in anode-supported SOFC using commercial software, STAR-CD [42] and MARC [43] . The study indicated presence of higher principal stress at low cell voltages due to high local current density and steep temperature gradients.
None of the studies mentioned in the previous paragraph attempted to compute sensitivity derivatives of a cost function involving thermal stress components using formal procedures such as direct differentiation or discrete adjoint methods. Such capability is required if optimization of principal stress components or strain rates with respect to geometrical or material parameters is desired. One of the cases (Case 5) described in this report demonstrates such capability, where stress sensitivities are computed with respect to the cathode porosity. Implementation of this method is not trivial, as it requires computation of sensitivity derivatives of flowfield variables in the fuel cell code and coupling them with the structures solver to compute stress sensitivities with respect to the design parameters.
The primary goal of this report is to describe results (Case 1 -Case 4) of simulations performed on different NexTech cell configurations. Also, development of fluid-structure interaction capability to analyze thermal stress distribution (Case 4, Case 5) and stress sensitivities (Case 5) in different components of SOFC is described. The results presented in Case 1 deals with the FlexCell, which contains honeycomb electrolyte. The fuel cell code required several modifications to analyze this unconventional geometry. The cell used in the second case (Case 2) can be termed as a simple fluid cell. Cell components included in this simulation are fuel manifold, current collector and interconnect. Primary purpose of this analysis was to compare results obtained using the SimCenter code with the numerical results obtained by the NexTech personnel. The third geometry (Case 3) obtained from NexTech was a 28mm cell that included all relevant components. However, while the grid was being generated on this cell, it was decided through mutual discussion to shift focus to the more important G13 cell. A thorough analysis on G13 cell (Case 4) has been performed that also includes stress analysis. Finally, results obtained on a simplified SOFC cell have been shown in Case 5. This geometry was utilized to develop initial fluidstructure interaction capability to perform stress analysis. This case also demonstrates the capability to compute sensitivity derivatives of structural cost functions.
Solution Methodology

Governing Equations (Fuel Cell)
The three-dimensional SOFC model [30, 31] utilized in this report solves the multispecies Navier-Stokes equations along with an electric potential equation that governs the distribution of electric potential and current density in the field. The three-dimensional model accounts for all components of the SOFC, including the anode, cathode, electrolyte, current collectors, seals, interconnects, and the fuel and air channels. Note that the model is not limited to any particular type of SOFC, i.e. planar as well as tubular type SOFC can be simulated using this model.
The governing equations for mass, momentum and energy conservation are solved simultaneously with the equation governing the electric potential in the numerical model. The system of equations utilized in the model is given by equations (1) - (6) , which represent the conservation statements for the species concentrations, momentum (x, y and z), energy and current, respectively.
Equations (1) - (5) are modified Navier-Stokes equations valid for both porous and fluid regions. Detailed discussion on flux formulation for these equations can be found in previous work [28] [29] [30] [31] . Equation (6) represents the electric potential equation. As solid regions are considered zero-velocity regions, only energy (interconnect, electrolyte, seals) and electric potential equations (interconnect, electrolyte) are solved inside them. Electric/ionic conductivity, o, in equation (6) is a strong function of the temperature. Expressions describing the relationships between the electric/ionic resistivity (reciprocal of conductivity) and the temperature for various components of SOFC are presented in Table  1 [44, 45] along with thermal conductivities and other material properties of different components of the SOFC.
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As presented, equation (6) is an elliptic equation contrary to the rest of the governing equations, which are hyperbolic-parabolic equations. Equation (6) is solved in the entire domain except for the fuel and air channels, which are pure fluid regions.
Several transport processes take place at the anode-electrolyte and the cathodeelectrolyte interfaces that strongly affect the overall behavior of the SOFC. The electrochemical reactions taking place at the cathode-electrolyte and anode-electrolyte interfaces can be described by equations (7) and (8) The effect of the aforementioned electrochemical reactions is modeled by applying mass flux conditions at the cathode-electrolyte (equation (9)) and anode-electrolyte (equations (10)-(11)) interfaces using Faraday's law.
(10)
(ID In the above equations, i is the local current density and F is Faraday's constant. A negative sign implies that the flux is leaving the interface.
To account for the heat generated due to electrochemistry, heat flux proportional to the entropy change associated with the electrochemical reaction is applied at the anodeelectrolyte and cathode-electrolyte interfaces. This heat flux is proportional to the molar formation rate, (/' / nJF\, where n e is the number of electrons participating in the electrochemical reaction.
In addition to the electrochemical reactions, two chemical reactions, methane reforming (12.1) and water gas shift (12.2) reactions have been included inside the anode for Case 5. For other SOFC cases (Case 1, Case 4), the fuel mixture contains only two species, hydrogen and steam and thus, only electrochemical reactions described by equations (7) - (8) Subscripts " r " and " s " stand for reforming and shift reactions, respectively. Reaction rate constants, kf and kb, are computed using the methodology outlined in reference [29] .
The voltage output of the SOFC strongly depends on several irreversibilities or losses encountered in the flowfield including activation polarization, concentration polarization and Ohmic polarization. Noren and Hoffman [46] have provided extensive discussion on accurately modeling the activation polarization. The SOFC model used in this work employs the Butler-Volmer equation to compute activation polarization [46] .
The Butler-Volmer equation can be written as,
The activation polarization is denoted byri acl .
a is the charge transfer coefficient and assumed to be 0.5 in the current work. n represents the number of electrons involved in the electrochemical reaction, which is 2 (equations (7) and (8)) in the current simulation. L is the exchange current density and is computed using equations (15) and (16) for the anode and cathode [47] , respectively.
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Various constants in the above equations are given in Table 2 [47] . Once the values of a and n e are inserted in equation (14), the activation polarization can be computed using the following expression. 
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Ohmic polarization is a direct consequence of the resistance offered to the flow of electrons/ions inside various components of the SOFC. Voltage drop due to Ohmic resistance is directly proportional to the current and the resistance. The effect of Ohmic polarization on the voltage loss is directly included in the potential equation, equation (6) , through the electric conductivity, a, which is the reciprocal of the electric resistivity.
Concentration polarization is caused by reductions in the concentrations of the reacting species at the interface between the electrodes and the electrolyte. The effect of the reduction in concentrations can be seen from the well-known Nernst potential equation, given by equation (18) . Also, exchange current densities at the anode-electrolyte interface and the cathode-electrolyte interface, represented by equations (15) and (16), respectively, are strongly affected by the concentration polarization.
Equation (18) computes the electromotive force (EMF) or electric potential under reversible conditions, i.e. in the absence of activation, Ohmic or any other losses.
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The electromotive force at standard pressure, EMF , is computed using polynomial thermodynamic relationship between Gibbs free energy and temperature of different species participating in the electrochemical reactions. The value of P ref is taken as one atmosphere in the above equation.
The electrochemical reaction reduces the concentration of the reactants and increases the concentration of the products at the electrode-electrolyte interface. Thus, the partial pressures of the reactants and products are affected in the same manner. This will reduce the value of the second term on the right-hand side of the equation (18) thereby affecting the EMF of the cell adversely. Concentration polarization strongly depends on the material properties of the electrodes that are responsible for the transport (diffusion and convection) of the reactants and products, to and from the electrode-electrolyte interface.
Governing Equations and Computational Methodology (Structure) 2.2.1 Governing Equations (Structure)
As mentioned earlier, capability to perform thermo-mechanical stress analysis has been developed to analyze stress inside different components of the SOFC. Thermomechanical stress analysis can be performed either fully coupled, or one-way coupled in which only one disciplinary response affects the other. Regardless of the formulation, the governing equation may be expressed as
where, <7 represents the stress tensor, b the body force terms per unit mass, p the mass density, and u the displacement field. To cast the above equations in terms of displacements, the relationships between strain-displacement and stress-strain must be assumed. For small strains and displacements (i.e., geometric linearity), the strains are related to the deformation gradients as
Additionally, under the assumption of linear elasticity (i.e. material linearity), the stress may be related to strain as
where, a is the coefficient of thermal expansion (which may in general be a function of temperature), A7 1 the temperature difference from reference, and 8 the Kronecker delta symbol. Here, the first term relates the stress to mechanical strain, and the second to the thermal strain. Assuming isotropic material behavior, the constitutive (elasticity) tensor may be conveniently written as
,jkl
where, in general, the modulus of elasticity, E, and Poisson's ratio, v, may be functions of temperature. Currently, it is assumed that the mechanical response does not alter the temperature distribution, and therefore, a one-way coupling is utilized. Furthermore, a steady-state temperature field is applied to the structure and, hence, inertia may be neglected in the problem formulation.
Computational Methodology (Structure)
The thermo-elastic structural analysis is performed using a standard displacementbased Galerkin formulation. With introduction of the stress-strain, and strain-displacement, relations into the equations of equilibrium, the Navier-displacement equations may be written (neglecting inertia) as Integrating these equations over the volume of an element, using a standard Galerkin formulation, and assembling the element equations yields an algebraic system to be solved for the unknown nodal displacement vector {d} as
where, the global stiffness matrix and load vector are
Here, [jV] represents the element shape function matrix, which relates the displacement field to the element nodal displacements, and [fil is the so-called straindisplacement matrix, which relates the element strains to the nodal displacements. The first term of the load vector represents body forces acting over the volume of the domain, the second term represents forces due to traction or stress (t. = GJ] , where r\ are the components of the unit outward pointing normal) acting on the boundaries of the domain, whereas the last term are the loads resulting from the thermal strains.
The solution to the resulting system may be accomplished with either an iterative or direct method. Iterative solution algorithms can be beneficial for very large systems which may prohibit direct solution methods, or for systems which do not have symmetric damping matrices. The direct method uses a sparse Cholesky decomposition based on skyline storage scheme. A preconditioned GMRES [48] is utilized to solve the system iteratively.
Once the nodal displacements have been determined, the strain and stress fields may be computed. In multidimensional problems, the individual components of the stress tensor do not provide adequate information in order to ascertain the proximity to failure or yielding of the material. In these regards, different stress measures are typically used. For brittle materials, the maximum in plane principal stress is typically used. The principal planes are those in which the shear stress vanishes and, therefore, are the planes that have maximum normal stress. Since brittle materials tend to fail due to normal stress, appropriate failure criteria are usually based on maximum principal stress. For ductile materials, which tend to fail in shear, typically either the von Mises or the Tresca yield criteria are used. The von Mises yield criterion uses the assumption that the onset of yield is based on the second deviatoric stress invariant. The Tresca yield surface is circumscribed by the von Mises yield surface, representing a more conservative criterion for prediction of plastic yielding.
Boundary Conditions
Boundary conditions utilized in the numerical solver are described for a sample geometry shown in Figure 1 . The geometry includes all relevant SOFC components including air/fuel channels, anode, cathode, electrolyte and interconnects. No-slip, adiabatic wall boundary conditions are applied at the interfaces between the electrodes and the interconnect, as well as the side, top and bottom walls. Solid regions (interconnect and electrolyte) are considered zero-velocity regions and the only variables computed inside these regions are temperature and electric potential. A fixed potential (0 = 0) boundary condition is applied at the bottom wall, whereas the top wall is treated by specifying average current density (i -i lied ).
Inflow boundary conditions with specified mass flow rate and species mole fractions are applied at both fuel and air channel inlets. Specified back pressure outflow conditions are applied at both air and fuel channel outlets. 
Sensitivity Analysis -Direct Differentiation
As mentioned earlier, direct differentiation method is utilized in both the fuel cell and structures codes to compute sensitivity derivatives. Derivation of this method using the chain rule is shown in equations (27) - (30) . Q represents the vector of solution variables where each element of the vector is representative of one or more physical variables located at each mesh point, x ■ R represents the vector of discrete residuals at each mesh point, /is the cost function and ß is a vector of design variables.
As seen, computation of dQ I dß is an essential component of this method, which requires the solution of a linear system of equations for each design variable. This requirement makes direct differentiation methods computationally expensive for problems with many design variables. Discrete adjoint method is more favorable for the problems involving large number of design variables. However, as derivatives of dependent variables with respect to the design variables are computed at each node in the flowfield in direct differentiation, this method is particularly useful when there are many flowfield constraints.
Solution Procedure
Flowfield variables are computed using an unstructured, implicit, finite-volume solver. The solver is vertex centered and the discrete residual at each node is computed by integrating the governing equations, (1) -(6) over a median dual control volume. Because a steady-state solution is the primary goal of the current work, time accuracy of the solution is sacrificed by allowing local time-stepping to accelerate convergence.
To reduce computer time, the solution is obtained using multiple processors utilizing the message passing interface (MPI) [49] and necessary grid decomposition is achieved using METIS [50] . Original grids are generated using the commercial software Pointwise [51].
An implicit Euler scheme is used to solve the non-linear system as given by equations (1) - (6) . A flux-difference splitting scheme based on the ROE scheme [52, 53] for a multi-component mixture is derived to model the convective fluxes. A centraldifference formulation is used to compute all the second-order derivative terms. Linear systems encountered in both the flowfield and sensitivity solvers are solved using the GMRES [48] method.
Results and Discussion
Analysis 3.1. Case 1 (FlexCell)
The first NexTech configuration analyzed in this study was a FlexCell. Dimensions of the various components of the FlexCell were obtained from NexTech along with two separate CAD files of the fuel manifold and honeycomb electrolyte. Significant efforts were required to integrate these CAD models with the anode and cathode layers to obtain a complete CAD model for the FlexCell. After the development of the CAD model, an incremental approach was adopted to perform numerical simulations by progressively adding more complexity. Initial simulations included the fuel manifold geometry without accounting for the electrochemistry. The aim of these simulations was to observe the flow distribution among different channels. Because the honeycomb electrolyte of the FlexCell poses several numerical challenges, several simulations included a flat electrolyte and channels that were also shortened and reduced in number to lessen the number of grid elements, which are of the order of few millions. Finally, simulations were conducted that included honeycomb electrolyte. However, to reduce the number of elements the size of the geometry was reduced by one fourth and the plenum regions for both air and fuel manifolds were removed for simplification. One of the major challenges of this particular simulation was to generate a good quality grid, especially for the honeycomb regions. In our previous work, and most other numerical simulations reported by researchers, the anode-electrolyte interface shape has been planar. Thus, another challenging task was to handle the irregular shape of the interface between the anode and the electrolyte. Table 3 . To control the number of grid elements, the geometry of the FlexCell has been reduced by one-fourth and the plenum regions for both fuel and air manifolds are removed. Figure 4(a) shows temperature contours in a plane passing through the honeycomb region. Because the electrochemical reaction associated with an SOFC is exothermic, a gradual increase in temperature is evident in the flow direction. The layer shown in the figure is made up of two different materials, namely anode and electrolyte. Both these materials have different thermal conductivities, which is responsible for the rough nature of the temperature contours shown in Figure 4 
Case 2 (Simple Fluid Cell)
The reason behind specifying this cell as a "simple fluid cell" is that the analysis of this cell only includes fluid flow in different components of the cell. The primary purpose of this study was to compare numerical results obtained using the SimCenter code with the simulation results obtained by NexTech personnel. Different components of simple fluid cell are shown in Figure 5 , which includes interconnect, flow manifold and current collector.
Interconnect
Flow manifold Current collector Figure 5 . CAD model of simple fluic cell 15 The current collector utilized in this model is made up of highly porous material (porosity = 0.9). As can be seen in Figure 5 , fluid is entering vertically at the inlet port at 800°C and atmospheric pressure and flows through the current collector before leaving through the outlet port. The fluid containing the mixture of hydrogen and nitrogen with equal mole fractions is utilized in this simulation. 
Case 3 (28 mm cell)
The third CAD model received from NexTech is shown in Figure 7 . The computational model contains all SOFC components including flow channels, electrodes, electrolyte, interconnects, current collectors and seals. Figure 8 (a) and 8(b) show shapes of anode and cathode current collectors, respectively. As seen, geometry of this cell is quite complicated mainly due to the shape of the current collectors and the manner in which current collectors are connected with other components of the cell. While model was still in the meshing phase, the decision to move to the more important G13 cell was made during discussion with NexTech. Even though analysis was not performed on this cell, significant efforts were made to generate mesh for this complicated computational model. 
Case 4 (G13 cell)
As mentioned earlier, analysis of G13 cell was prioritized over 28 mm cell after discussion with NexTech personnel. Different components of G13 cell are shown in Figures 9 and 10 . Fuel flowfield, made up of fuel manifold and anode current collector is shown in Figure 9 (a). The design of the fuel flowfield is inspired by the simple fluid cell described in Case 2. Figure 9 (b) shows air flowfield comprising of air manifold and cathode current collector. In the initial CAD model received from NexTech, shapes of the anode and cathode currents collectors were not exactly the same. However, it was later decided to use the same shape (as the anode current collector) for both current collectors to simplify the model. Electrodes and electrolyte are sandwiched between the flowfields shown in Figure 9 . To avoid mixing of fuel and air, seals are utilized on both sides ( Figure  10(a) ). All these components are enclosed on top and bottom by the interconnects shown in Figure 10 The inlet and outlet ports for both air and fuel manifolds are indicated in Figure 9 . As air and fuel flow in the opposite directions, the flow arrangement is counter-flow. Fuel mixture and air enter through appropriate inlet ports and diffuse inside current collectors and electrodes. Oxygen atoms combine with the electrons inside an extremely thin layer near the cathode-electrolyte interface and are converted into oxygen ions (0.5O 2 +2e~ -* 0 2~) . These oxygen ions migrate through the solid electrolyte to reach the anode-electrolyte interface and combine with hydrogen to generate steam and release electrons (H 2 + 0 -» H 2 0 + 2e ). Both these reactions take place inside extremely thin layers near the cathode-electrolyte and the anode-electrolyte interfaces, respectively. Because modeling the details of the interface region is impractical due to the small size, the cumulative effect of the electrochemical reactions is modeled as a jump in the electric potential, which is determined using Nernst potential (equation (18)) and activation polarization (equation (17)). The fuel mixture is assumed to contain hydrogen and steam only, i.e. chemistry is not present in this case. Air is modeled as a mixture of oxygen and nitrogen. Species mole fractions of the fuel mixture and air entering the flowfields are given in Table 4 along with the operating pressure and temperature of both fuel and air. Figures 11-13 show temperature contours plotted on planes extracted through different components of the G13 cell in streamwise direction. Temperature is continuous in the entire domain unlike potential or concentration fields. As mentioned earlier, various modes of energy transfer includes convection/diffusion/conduction of energy, heat generated due to viscous stresses and most importantly, heat generated due to entropy changes occurring because of the electrochemical reaction at the anode-electrolyte interface. Also, Ohmic heating contributes to the rise in temperature.
The extent of temperature rise depends strongly on the mass flow rates of fuel and air. Convective cooling increases with higher flow rates of either fuel or air and thus, contributes towards reduction in average temperature rise. The opposite is true for the lower mass flow rates. Current density is another major contributor in temperature rise as Ohmic heating is linearly proportional to the current density. Also, current density dictates the extent of electrochemical activity at the electrode-electrolyte interface that is responsible for generating heat. Figures 11 (a) and (b) show temperature contours plotted on planes passing through fuel and air manifolds, respectively. Flow directions of both fuel and air are also indicated. In figure 11(a) , fuel enters the inlet port at 1073 K and there is a gradual rise in fuel temperature due to the heat generated by electrochemical reaction. As fuel moves through the flowfield, temperature starts reducing due to the cooling effect of the incoming air from the opposite direction. The reduction in fuel temperature continues untill it leaves through the outlet port. In figure 11(b) , air enters through the inlet port at 1073 K and gradually heats up as it passes through the flowfield. The rise in the temperature of air is continuous throughout the domain unlike fuel until it reaches the outlet port, when it begins to cool down. Overall, temperature of fuel is lower than the temperature of air leaving from the respective outlets. a) and (b) show temperature contours plotted on planes passing through the anode and cathode current collectors, respectively. A lot of similarities can be found between the characteristics of these contours and the contours shown in figure 11 (a) and (b) including spots indicating higher and lower temperature regions. Figures 13(a), (b) and (c) show temperature contours plotted on planes passing through the anode seal, cathode seal and electrolyte, respectively. Again, temperature distribution inside these components exhibits similarities with those shown in Figures 11 and 12 . Similarities in temperature contours inside different components of the cell indicate that the temperature gradient through the thickness of the cell is negligible due to the small thickness of the cell compared to other dimensions. Figure also indicates the flow direction of the fuel. In electrochemical reaction, hydrogen acts as a reactant while steam is a product. Thus, hydrogen concentration reduces as fuel flows from the inlet port towards the outlet port. Non-uniformity in reduction of hydrogen concentration is evident in Figure  14 (a), especially left and right sides of the domain show the lowest concentration. One of the reasons behind this behavior is that the fuel flow rate in the affected area is low compared to the rest of the domain. Further discussion regarding flow rate is presented in the later part of this report. On the other hand, steam concentration, which is a product of the electrochemical reaction, increases as fuel flows through the domain as shown in Figure 14 ) show contours of streamwise velocity (z-direction) plotted on planes passing through fuel and air manifolds, respectively. These are some interesting features present in both plots. Non-uniformity in fuel flow rate is evident in figure 18 (a) as majority of fuel is passing through the middle region of the manifold. The reasons behind such behavior include the placement of the inlet port with respect to the main flowfield and the angles of the narrow passage through which fuel enters the flowfield. The starving areas are located at four corners of the flowfield in figure 18(a) . Unlike fuel manifold that has one inlet and exit port, air manifold contains two inlet and exit ports. Thus, flow distribution inside air manifold is completely different that that of the fuel manifold. Due to the placement of the inlet ports and angle at which air inters the main flowfield, areas with high flow rate are located between the center and the sides of the domain in figure  18(b) . Again, the starving regions are located at the corners in figure 18(b) . For both air and fuel manifolds, corners represent the most affected regions due to low flow rates of respective fluids, which may adversely affect the cell efficiency and lead to localized heating. Figures 19-23 show stress distribution inside different components of the G13 cell. All components are considered stress free at 800°C. The stress contours are generated by the in-house structures code using flowfield data (temperature) imported from the fuel cell code. SOFC is manufactured by connecting various components that possess different material properties. Thus, mismatch in coefficients of thermal expansion of these components contribute greatly towards stress generation in SOFC. Figures 19(a) and (b) show contours of mean principal stress (MPS) plotted on outer surface of the anode and cathode current collectors, respectively. As seen, stress distribution in both current collectors is uniform except at some outer edges, where current collectors are connected with other cell components. ) show maximum tresca equivalent stress (MTES) plotted on planes passing through seals located on fuel and air sides, respectively. Overall, stress distribution is uniform in both figures. A close observation indicates isolated spots with high stress values located on the edges surrounding inlet and outlet ports of both fuel and air manifolds. Figures 22(a) and (b) show MTES contours plotted on planes passing through the interconnects located at the bottom (fuel side) and top (air side) of the cell, respectively. As clearly seen, regions with maximum stress are located near air outlet ports in both figures. Also, tiny spots with high stress values are present near fuel inlet port in both figures. Characteristics of stress contours in Figure 22 are similar to those for the seals shown in Figure 21 . 
Case 5 (Simplified SOFC)
The fluid-structure interaction capability demonstrated in the previous case was initially developed for the simplified SOFC described in this case. The development was performed while waiting for the arrival of new cluster and storage system to be used to run simulations on NexTech's G13 cell. The geometry of the cell utilized in this case is shown in Figure 23 . As seen, computational model includes all relevant SOFC components including fuel/air manifolds, electrodes/electrolyte (PEN), seals and interconnects. The number of channels for both air and fuel manifolds is chosen to be twelve to make the geometry mimic realistic planar SOFC. Various geometric dimensions of the cell are listed in Table 5 . No-slip, adiabatic wall boundary conditions are applied at the top wall, bottom wall and side walls of the computational geometry shown in Figure 23 . As mentioned previously, fixed potential (0 = 0) boundary condition is applied at the bottom wall, while the top wall is treated by specifying average current density (i = i ljed ). Inflow boundary conditions with specified mass flow rate and species mole fractions are applied at both fuel and air channel inlets. The temperature of the air and fuel mixture entering from their respective inlet ports is 1073 K. Also, both fluids are operating at atmospheric pressure. Specified back pressure outflow conditions are applied at both air and fuel outlet ports. Initial species mole fractions and thermodynamic conditions utilized in this simulation are given in Table 6 . As seen in Table 6 , partially reformed fuel has been utilized and thus, methane reforming and water gas shift reactions have been considered inside the anode. Current density of 5500 Am" 2 is applied at the top wall of the computational geometry shown in Figure 23 . Two different configurations co-flow and counter-flow, are analyzed in this case. Figures 24(a) and (b) show temperature contours plotted over outer surface of the cell for co-flow and counter-flow configurations, respectively. Figures also show flow directions of both air and fuel. As expected, in co-flow case, there is a gradual rise in temperature as both fuel and air move through the flow domain. Heat generated due to the electrochemical reaction is the main factor affecting the increase in temperature. In counter-flow case, regions showing maximum temperature are present in the middle of the computational domain. Also, maximum temperature found in the co-flow case is higher than the same found in the counter-flow case. Figure 25 shows polarization curves plotted for both co-flow and counter-flow cases operating under the same conditions described in Table 6 . As expected, cell voltage reduces with increase in current density due to the effects of several irreversibilities present inside the cell. Both cases exhibit similar performance for low current densities. However, as current density increases, co-flow configuration performs better than the counter-flow configuration. show mole fractions of different species plotted on planes passing through fuel and air manifolds for the co-flow case. As mentioned earlier, two chemical reactions namely, methane reforming and water-gas shift reactions are considered inside the anode electrode. Also, electrochemical reaction, which is responsible for the production of steam and consumption of hydrogen and oxygen, affects species distribution in the flowfield. In figure 26(a) , there is an overall reduction in hydrogen concentration as it moves through the flowfield. A region located near bottom right corner of the plane shows rise in hydrogen mole fraction. This behavior is caused by hydrogen production due to methane reforming reaction. In figure 26(b) , gradual rise in steam concentration due to electrochemical reaction is evident as fuel moves from the inlet to the outlet of the manifold. Methane mole fraction is plotted in figure 26(c) . As methane reforming is a fast reaction, most of the methane can be seen consumed in the first half of the flowfield. Figure 26(d) shows oxygen mole fraction plotted on a plane extracted from the air manifold. As oxygen is a reactant of the electrochemical reaction, there is gradual reduction in its mole fraction as air moves through the flowfield. Contours of carbon monoxide (CO) mole fraction plotted in figure 26(e) exhibit non-uniformity in the flowfield. As CO acts as a reactant in shift reaction and as a product in reforming reaction, their combined effect produces non-uniformity in the contours shown in figure 26(e) . Finally, contours of carbon dioxide mole fraction are plotted in figure 26(f) . As the only reaction involving carbon dioxide (as a product) is a shift reaction, gradual rise in carbon dioxide concentration is evident in figure 26(f) . ) show contours of MTES plotted on streamwise planes passing through seals located on both fuel and air sides, respectively. As seen, maximum stress is present near fuel inlet port in both figures. Figure 27(c) -(e) show contours of MPS plotted on planes passing through the anode, electrolyte and cathode, respectively. Some characteristics of these contours such as location of the maximum stress region are similar in all three plots. This region is located near fuel inlet port in the computational domain. Figure 27 (f) shows contours of MTES plotted on a vertical plane passing through the interconnect and inlet ports. As expected, maximum stress is found near fuel inlet port. Regions near air inlet port also indicate high values of MTES. Overall, maximum stress values are found in a plane extracted through the anode electrode in figure 27(c As mentioned earlier, both fuel cell and structures code are capable of performing sensitivity analysis. To demonstrate this capability, stress sensitivity contours are plotted on planes extracted through different components of the cell in figures 29(a) -(e). The coflow configuration is utilized in figure 29 . Design variable in this study is cathode porosity. The method utilized to compute sensitivity derivatives is direct differentiation in both fuel cell and structures code. Structures code requires values of flowfield variables and sensitivities of flowfield variables from the fuel cell code to compute stress sensitivities. The characteristics of stress sensitivity contours in figure 29 are similar to those shown for the stress contours in figure 27 ; especially regions with highest sensitivity values are located near fuel inlet port for all components. 
Conclusions
A three-dimensional, parallel, unstructured solver has been developed to model complicated transport phenomena present inside all components (channels, electrodes, electrolyte, seals, current collectors and interconnects) of different cell configurations provided by NexTech Materials. A capability to perform thermo-mechanical analysis of different components of SOFCs has been developed by coupling the fuel cell code with the structures code. Results obtained using this capability indicate that the main factors affecting the stress distribution are temperature gradients and mismatch of coefficients of thermal expansion between different components of the cell. Also, capability to perform thermo-mechanical sensitivity analysis has been developed using direct differentiation method. Using this capability, sensitivity derivatives of stress has been computed for a simplified SOFC geometry.
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